













学校编码：10384                                 分类号      密级       




   硕  士  学  位  论  文 
                                           
锌与双酚 A 胁迫下福建牡蛎性腺 
差异表达蛋白的研究 
Different proteomics profiling of Crassostrea angulata gonad 
exposed to Zn and bisphenol-A 
 
张庆鸿 
            指导教师姓名： 黄河清 教授 
柯才焕 教授 
专  业 名 称：生物化学与分子生物学 
论文提交日期：2014 年 5 月 
论文答辩时间：2014 年 5 月 
学位授予日期：2014 年 6 月 
  
答辩委员会主席：            
评    阅    人：            
 





















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 





















































1 前言 ·········································································································· 1 
1.1锌污染研究概况 ·······························································································1 
1.1.1 锌污染概述 ··························································································1 
1.1.2 贝类富集锌机制的研究进展·······························································2 
1.1.3 牡蛎应对 Zn2+毒性的抵抗机制研究进展···········································3 
1.2 双酚 A 污染研究概况 ····················································································4 
1.2.1 双酚 A 污染概况 ·················································································5 
1.2.2 双酚 A 生殖毒性及其机制研究进展 ··················································6 





1.5 本论文主要研究内容和意义 ········································································10 
2 Zn2+胁迫下牡蛎性腺差异表达蛋白的研究········································ 12 
2.1 材料与方法 ···································································································12 
2.1.1 仪器与试剂 ··························································································12 
2.1.2 Zn2+胁迫的处理方法 ···········································································13 







2.1.6.4 差异表达蛋白的Real-Time PCR验证 ·······································24 
2.2 Zn2+对牡蛎的慢性毒性效应的分析·····························································27 
2.2.1 Zn2+对牡蛎半致死剂量(LC50) ··························································27 
2.2.2 Zn在牡蛎性腺中富集量 ·····································································27 
2.2.3 Zn2+胁迫下性腺的形态学观察 ··························································29 
2.2.4 Zn2+胁迫对性腺内SOD与CAT酶活的影响 ·······································30 
2.3 Zn2+胁迫下牡蛎性腺差异表达蛋白的分析.................................................31 
2.3.1全蛋白提取效率的检验 ······································································31 
2.3.2 LC-MS/MS 结果质量评价 ·································································33 
2.3.3 差异表达蛋白的比对 ········································································35 















2.3.5 差异表达蛋白功能关联网络图的构建 ·············································38 
2.3.6 蛋白功能关联网络的分析 ································································39 




3 双酚A胁迫下牡蛎性腺差异表达蛋白的研究 ··································· 58 
3.1 材料与方法 ···································································································58 
3.1.1 仪器与试剂 ··························································································58 
3.1.2 双酚A胁迫的处理方法 ·······································································58 
3.1.3性腺指数的测定 ···················································································59 










附录 ·········································································································· 109 
3.1.7.1蛋白样品的制备 ···········································································61 
3.1.7.2液质联用技术进行差异表达蛋白质组学分析 ····························61 
3.1.7.3 差异表达蛋白的Real-Time PCR验证 ·········································61 
酚 A 对牡蛎的慢性毒性效应的分析 ······················································62 
3.2.1 双酚A对牡蛎半致死剂量(LC50) ······················································62 
3.2.2 双酚A胁迫下性别比例与性腺指数变化 ··········································62 
3.2.3 双酚A在牡蛎性腺中富集量的测定 ··················································64 
3.2.4 双酚A胁迫下牡蛎性腺的形态学观察 ···············································67 
3.2.5 双酚A对牡蛎性腺SOD和CAT酶活的影响·······································69 
双酚A胁迫下牡蛎性腺差异表达蛋白的分析............................................70 
3.3.1 LC-MS/MS 结果质量评价 ·································································70 
3.3.2 差异表达蛋白的比对 ·········································································72 
3.3.3 Real-time PCR 验证部分差异表达蛋白结果·····································73 
3.3.4 差异表达蛋白功能关联网络的构建·················································74 
3.3.5 蛋白功能关联网络的分析 ·································································80 


















Chinese abstract..................................................................................... VI 
English abstract.......................................................................................Ⅷ 
Chapter1 Introduction .............................................................................1 
1.1 Overview of the research on Zn2+ pollution….................…..........1 
1.1.1 Review of Zn2+ pollution................................................................….1 
1.1.2 Study on the mechanism of Zn bioaccumulation in sellfish.2 
1.1.3 Study on the mechanism of oysters’resistence to Zn2+ toxicity............3 
1.2 Overview of the research on Bisphenol-A pollution...............………..….5 
1.1.1 Review of BPA pollution...................................................................….5 
1.1.2 Study on BPA reproductive toxicity............... ........................................6 
1.3 The biology of Crassostrea angulata ..........................................................7 
1.4 Study of toxicoproteomics ..........................................................8 
1.4.1 The toxicoproteomics.............................................................................8 
1.4.2 Laber-free quantification proteomics.....................................................9 
1.4.3 Application of proteomic technologies in the research on the pollution 
of heavy metal and environmental hormones......................................9 
1.5 Significance and content of the thesis................................................10 
Chapter 2 Different Proteomics profiling of Crassostrea angulata 
gonad exposed to Zn2+…………………………….12 
2.1 Materials and methods………….…………….…….……………….....12 
2.1.1 Equipment and reagent………………….……..…………………..12 
2.1.2 Exposrue of oysters to Zn2+………..….……..…………………..13 
2.1.3 Enzyme activities assay of SOD and CAT…………..…….………14 
2.1.4 Tissue section……..…..…….........................................………16 















2.1.6 Identification of differental proteins in oyster gonads exposed to Zn2+ 
using laber-free quantification proteomics…………………………18 
2.1.6.1 Protein samples preparation……………………………..…...18 
2.1.6.2 Checking out the quality of total proteins using SDS-PAGE and 
IPG 2-DE PAGE………………………………………....…...19 
2.1.6.3 Main process of differental proteomics using LC-MS/MS..…22      
2.1.6.4 Real-time PCR analysis of differental proteins………………24 
2.2 Analysis of the chronic toxicological effects of Zn to oyster......................27 
2.2.1 96h LC50 of Zn2+ to oyster.... ...........................................................27 
2.2.2 Bioaccumulation of Zn in oyster gonads under Zn sterss.................27 
2.2.3 Morphological observation of oyster gonad under Zn2+ stress……29 
2.2.4 Analysis of SOD and CAT activities under Zn2+ stress ....................30 
2.3 Analysis of differentially expressed proteins induced by Zn2+         
in the oyster gonads............................................................ 31 
2.3.1 Checking out the quality of total proteins....……………………….31 
2.3.2 Assessment of the proteomics data ..............................................33 
2.3.3 Assessment of the differental proteins ....... ..................................... .35 
2.3.4 Real-time PCR analysis of some differentially expressed protein....36 
2.3.5 Establishment of STITCH netwrok for the differentially expressed 
proteins............................................................................... 38 
2.3.6 Analysis of STITCH netwrok ....................................................... 39 
2.3.7 Preliminary discussion on the mechanism for bioaccumulation of Zn 
in oyster........................................................................................47 
2.3.8 Zn2+stress caused a more severe injury in male gonads ...................50  
2.3.9 Selection of the biomarks for Zn2+....................................................51 
2.4 Conclution...................................................................................55  
Chapter 3 Different Proteomics profiling of Crassostrea angulata 
gonad exposed to BPA……………………………..………. 64 
3.1 Materials and methods……..……….……………..….……………….....58 















3.1.2 Exposrue of oysters to BPA…………….….……..………………..58 
3.1.3 Measurement of gonadosomatic index………..……..…….………59 
3.1.4 Enzyme activities assay of SOD and CAT……….……..….………59 
3.1.5 Tissue section………….…..…….......................................………59 
3.1.6 BPA determinated by GC-MS/MS....................................................59 
3.1.7 Identification of differentially expressed proteins in oyster gonads 
exposed to BPA using laber-free proteiomics quantification…....…...61 
3.1.7.1 Protein samples preparation………………………….…........61 
3.1.7.2 Main process of differental proteomics using LC-MS/MS.….61 
3.1.7.3 Real-time PCR analysis of differental proteins………………61 
3.2 Analysis of chronic toxicological effects of BPA to oyster.......................62 
3.2.1 96h LC50 of BPA to oyster ...............................................................62 
3.2.2 Changes of sex ratio and GSI under BPA sterss ...............................62 
3.2.3 Bioaccumulation of BPA in oyster gonads under BPA sterss ...........64 
3.2.4 Morphological observation of oyster gonads....................................67 
3.2.5 Analysis of SOD and CAT activities under BPA stress ................ ....69 
3.3 Analysis of differental proteins induced by BPA in oyster 
gonad…………………………………………....................……………70 
3.3.1 Assessment of the proteomics data ..................................................70 
3.3.2  Assessment of the differental proteins ............. ..............................72 
3.3.3 Real-time PCR analysis of some differental proteins....................... 73 
3.3.4 Establishment of STITCH netwrok for the differental proteins........ 74 
3.3.4 Analysis of STITCH netwrok ............................................................80 
3.3.5 Selection of the biomarks for BPA pollution......................................83 
3.4 Conclution……...………………………..................……………………91 
Chapter 4 Conclusions .................................................................. 93 



























方法分别分析牡蛎性腺 Zn 及 BPA 的富集情况，再利用 LC-MS/MS 方法分析胁
迫条件下牡蛎性腺全蛋白质组表达谱变化情况以探究 Zn2+与 BPA 对牡蛎的生殖
毒理效应机制。 
首先进行了 ZnCl2 毒理蛋白质组学研究。通过联合运用组织切片、SOD 与




析结果证实了牡蛎主要通过 Zip 家族、ZnT 家族和金属硫因蛋白/硫因蛋白体系

























异表达蛋白也有助于进一步认识 Zn 对雄性与雌性牡蛎的生殖毒性机制。 
其次，进行了 BPA 毒理蛋白质组学的研究。本文发现 BPA 的毒理学效应与
Zn2+完全不同。组织切片与性腺指数分析共同表明，对雌性而言，1ppm BPA 的
慢性胁迫刺激了卵巢的发育，当浓度为 2ppm 时，却显示出抑制效应。而雄性方















另外，STITCH 同样成功地应用于本实验的研究，所得的 STITCH 网络也被细分
为一些小功能网络，包括能量代谢、氧化应激、基因转录调控以及卵黄蛋白原家
族间相互作用等。STITCH 网络分析提示，BPA 胁迫后雄性增强了糖酵解与 TCA
























Zn and Bisphenol-A (BPA) are the typical environmental pollutants of lower 
toxity, and there are lots of evidences showing that they threats aquatic life and human 
reproductive systems. Zn is an important biological essential element, however, 
excessive accumulation of Zn in organisms would endanger the health of individual 
organisms, and the mechanisms of related toxicological effects were complicated. 
BPA, a typical class of environmental endocrine disruptor, affect biological gonadal 
development and gender features, thereby affecting the sex ratio of the populated life, 
then endangering ecosystem health. Currently, the molecular mechanisms of 
reproduction toxicity resulted from them still keep unknown. The phenomenon of 
hermaphrodite and sex reversal can be found in oyster, which is one of the organisms 
that have the best performance in the bioaccumulation of Zn. Meanwhile, their gonads 
are rich and their gonadal developmental cycle is short. Thus, oysters are often chosen 
as the model organism to study the reproductive toxic effects of environmental 
pollutants. In this paper, oyster was also chosen as the model organism to study the 
toxic effects of chronic exposure of oyster gonad to ZnCl2 and BPA. ICP-MS and 
GC-MS/MS were used to measure the bioaccumulation of Zn and BPA in oyster 
gonads. Next, different proteome of oyster gonads under the Zn2+ or BPA stress were 
analyzed by the LC-MS/MS to reveal the mechanism of the related reproductive toxic 
effects.  
Firstly, a toxicoproteomic study was carried out in the Zn2+-exposed experiment. 
With the combined application of histological section, the measurement of SOD and 
CAT activities and the ICP-MS technology, the present study identified that the Zn 
bioaccumulation in oyster gonads still increased while the oxidative stress exerted a 
more strong inhibiting effects on the gonadal development. All these above suggested 
that the level of Zn bioaccumulation in oyster gonads was inversely proportional to 















speculated that Zn bioaccumulation in oyster gonads was closely related to the 
regulation of reproduction cycle. At the same time, according to the current 
proteomics study, we certified that the Zip family, ZnT family and the 
metallothionein/thionein systems were in charge of cellular zinc homeostasis in oyster 
gonads. Additionally, cavortin may also play a key role in the cellular zinc 
homeostasis. Other differentail proteins indentified in this experiment were used for  
the establishment of the STITCH（chemical-protein interactions）network. The whole 
STITCH network could be divided into some small functional networks concerning 
energy metabolism, oxidative stress and regulation of gene expression, respectively.   
STITCH networks analysis indicated that Zn2+ stress in male oyster gonads resulted in 
gonads glucose metabolism dysfunction, i.e. the main energy supply of the gonads 
was switched from saccharometabolism to lipid mobilization, while the main energy 
supply of female gonads under Zn2+ stress was still from saccharometabolism; Zn2+ 
stress induced gene activation in male gonads while it caused gene silencing in female 
gonads; additionally, enzymatic activity analysis suggested in the male gonads, 
antioxidant enzyme activity were strongly and persistently inhibited by Zn2+ stress，
whereas in the female gonads, they recovered gradually after the inhibition. According 
to these results, we speculated that the responses to Zn2+ stress were different between 
the male and female gonads. By the way, we selected some candidate biomarkers of 
Zn2+ pollution from the differental proteins in the male and female groups, 
respectively. More specifically, in the male groups, 14-3-3 epsilon, 
galactosyltransferase and serine/threonine protein kinase can be regarded as the 
candidate biomarkers, while in the female groups, hemicentin, cyclohexadienyl 
dehydrogenase and ABC transporter permease also has the potential to be the 
candidate biomarkers. 
Next, the toxicoproteomic study was also performed in the BPA-exposed 
experiment. The toxicological effects of BPA were different from those of Zn2+ 
exposure. The combination of morphological observation and determination of 
gonadosomatic index (GSI) showed that the chronic stress of 1ppm BPA accelerated 















prohibitive. However, both of the 1ppm and 2ppm BPA showed prohibitive effects to 
the development of male gonads. All this indicated that the toxicological effects of 
BPA showed closely related to its exposed concentration and the gender of the objects. 
In fact, the main mechanism of toxicological effects is closed to BPA’s estrogen-like 
effects. BPA has the ability to combine with the estrogen receptor. Once it finished 
combining with the estrogen receptor, it will affect the gene expression and disturb the 
physical function of estrogens. Thus, the toxicological effects of BPA varied by 
genders. Our current toxicoproteomic study further indicated that, in terms of female 
gonads, BPA restrained the various translation elongation factors, which may result in 
the disturbance of gene translation regulation; it also restrained the tubulins, possibly 
preventing the formation of follicles; moreover it stimulated the estrogen receptor, 
potentially activating the expression of vitellogenin to show its estrogen-like action; in 
addition, it can also inhibit the expression of nuclear autoantigenic sperm protein, 
probably preventing the germ cells entering the S phase, maybe resulting in losing a 
large number of oocytes. However, for the male oysters, the mechanism was different. 
Specifically, BPA inhibited the formation of periostin, resulting in the insufficient 
synthesis of collagen, finally maybe contributing to the inhibition of spermaducts in 
testis, thus the testis showed to be atrophic; it also regulated the voltage-dependent 
anion-selective channel protein 2 and the periostin, potentially disturbing the 
apoptosis in the testis. Furthermore, BPA stress upregulated the sperm surface protein 
Sp17 possibly disturbing the sexuality differentiation and the formation of spermatic 
flagellum and cilia. In addition, upregulation of  calmodulin induced by BPA 
possibly affected the formation of sperms and their mobility. Furthermore, these 
proteins were regarded as the potential candidate biomarkers for BPA pollution. 
Besides, the STITCH network also was successfully applied in the BPA-exposed 
experiment and the whole network also could be divided into some small functional 
networks including energy metabolism ， oxidative stress ， regulation of gene 
transcription and the vitellogenins interaction network. STITCH networks analysis 
suggested that the glycolysis and tricarboxylic acid cycle of the male gonads under 
















gonads only increased ATP synthetase expression level; moreover, enzymatic activity 
analysis suggested under the BPA stress, the activities of the antioxidant enzymes 
were inhibited befroe a gradual increase, and the speed of upregulation in female 
gonads faster than that of the males; BPA stress boosted the transcription elongation 
of the female gonads but not that of the males; with the stimulation of BPA’ 
estrogen-like effects, vitellogenins were remarkably upregulated in the male and 
female gonads, with greater level of upregulation observed in the female gonads. It 
was speculated that the BPA’ estrogen-like effects worked obviously in the female 
oysters, however, these estrogen-like effects have little influences on the males while 
the oxidative stress effects might be more apparent in the males.  
 























锌（Zn）是所有生物的必要微量元素, 它构成了 300 种酶的重要辅助因子，
还是大量蛋白质的重要组成成分。此外，理想的核苷酸与蛋白质代谢、细胞生长、









是其水体污染状况的 显著特征；Zn、Cd 等是其 主要的污染物，直接对该流







吸入[1] 。其中，特别值得关注的摄入方式是通过食物链吸收过量的 Zn，Zn 被排
放到环境后不能被生物降解, 大多参与了食物链循环, 并 终在生物体内富集, 
进而对正常生理代谢活动造成破坏，这种胁迫途径比较隐蔽，不易察觉。 
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